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Methylation of tRNA on the four canonical bases adds structural complexity to the molecule, and
improves decoding speciﬁcity and efﬁciency. While many tRNA methylases are known, detailed
insight into the catalytic mechanism is only available in a few cases. Of interest among all tRNA
methylases is the structural basis for nucleotide selection, by which the speciﬁcity is limited to a sin-
gle site, or broadened to multiple sites. General themes in catalysis include the basis for rate accel-
eration at highly diverse nucleophilic centers for methyl transfer, using S-adenosylmethionine as a
cofactor. Studies of tRNA methylases have also yielded insights into molecular evolution, particu-
larly in the case of enzymes that recognize distinct structures to perform identical reactions at
the same target nucleotide.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
RNA modiﬁcation is a post-transcriptional process by which
certain nucleotides are altered after their initial incorporation into
an RNA chain. Transfer RNA is the most heavily modiﬁed class of
RNA molecules. An average tRNA in Escherichia coli, Saccharomyces
cerevisiae, and mammalian cytoplasm is modiﬁed at approximately
11%, 14%, and 17% of its residues, respectively [1]. These modiﬁca-
tions expand the chemical and functional diversity of tRNA, and
enhance its structural stability [2]. Their importance is under-
scored by the large investment of cellular resources required for
biosynthesis: in some bacterial genomes, about 1% of the coding
genes are devoted to tRNA modiﬁcation [2]. Additionally, it has be-
come increasingly apparent that incomplete modiﬁcation can sub-
ject tRNA to rapid decay by various quality control surveillance
mechanisms [3,4]. While over 100 different modiﬁcations have
been so far identiﬁed in tRNA, this review will focus on those that
arise from methylation to the four canonical nucleotide bases.
Methylated tRNA bases are known to help control tRNA folding,
to ensure decoding speciﬁcity during translation of the genetic
code, and to enhance aminoacylation by certain tRNA synthetases.
In the great majority of cases, the methyl group is derived from S-
adenosylmethione (SAM), thus linking tRNA modiﬁcations to the
intermediary metabolism of this cofactor.chemical Societies. Published by E
Hou).A possible rationale that may account for the preferential use
of SAM in tRNA methylation reactions is a more favorable ther-
modynamic driving force for methyl transfer, as compared with
other biological methyl donors (such as folate) [5]. The driving
force for the SAM-mediated methyl transfer is the electrophilic
character of the methyl group attached to the positively charged
sulfur atom. As such, SAM is one of the most widely used enzyme
cofactors [5], second only to ATP. Methyltransferases (or methyl-
ases) that use SAM for methyl transfer reactions have been di-
vided into ﬁve structural classes (I–V) based on their active-site
folds [6]. Each of these ﬁve classes has a distinct a/b topology
that forms the SAM-binding pocket. Most of the SAM-dependent
methylases possess the class I structure, which features the an-
cient Rossmann-fold, consisting largely of a parallel b-sheet with
a-helical crossovers. A ﬁnal b-strand in the class I methylase fold
is oriented in an anti-parallel direction relative to the others.
Class I methylases dominate among the known enzymes that cat-
alyze tRNA nucleotide base methylation. The remainder of the
tRNA methylation reactions is catalyzed by methylases possessing
the class IV structure. The key characteristic of this so-called
SPOUT family of RNA methyltransferases [7] is a structural core
made up of six parallel b-strands, with the ﬁnal three folded into
a rare protein subdomain known as a deep trefoil knot. Another
notable feature of the class IV structure is that the active site is
assembled at the interface of a homodimer, in which both mono-
mers make substantial and interdigitating contributions to the
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dependent and varies greatly from species to species for different
amino acid acceptors, and even among the three domains of life
for the same amino acid acceptor. However, a subset of tRNA
nucleotide base methylations is largely conserved in evolution.
These include the m5U54 modiﬁcation (methylation to position
C5 in the uridine at position U54) that generates the conserved
T54 (also known as ribothymidine) in the T-loop of tRNA, and
the m1A58 modiﬁcation (methylation to position N1 in the adenine
at position A58) localized in the same loop. These two modiﬁca-
tions stabilize a reverse Hoogstein base-pairing interaction be-
tween the two bases, and are thus essential for the tertiary
folding of the tRNA L-shape. Both modiﬁcations are catalyzed by
methylases of the class I Rossmann-fold family. Another example
of conserved methylation is the m1G37 modiﬁcation (methylation
to position N1 in the guanine at position G37) located at the 30 side
of the anticodon. This modiﬁcation serves an important role to pre-
vent frameshift errors of tRNA on the ribosome [10]. However,
while the bacterial enzyme TrmD catalyzing m1G37 formation is
a member of the class IV family [8,9], the eukaryotic and archaeal
enzyme Trm5 is a member of the class I family [11–13]. TrmD and
Trm5 thus form a pair of analogous enzymes that use distinct and
unrelated SAM-binding folds to catalyze the same methylation
reaction. The identiﬁcation of TrmD and Trm5 suggests that the
respective SAM-binding folds both evolved early in the process of
tRNA maturation. Similarly, another pair of analogous enzymes,
consisting of bacterial TrmJ (a member of the class IV family) and
eukaryotic Trm7 (a member of the class I family), has been identi-
ﬁed, which catalyzes formation of 20-O-methylation to the ribose of
C32 and U32 (Cm32 and Um32) [14].
Crystal structures of SAM-dependent methylases that recognize
tRNA nucleotide bases are now available for both class I and class
IV enzyme families. These structures conﬁrm that enzymes of the
same class bind the cofactor in a similar stereochemical environ-
ment. In addition, these structures show that the two classes differ
consistently in positioning the SAM cofactor: the class I-fold binds
the cofactor in an extended conformation with the dihedral angle
C-40-C-50-Sd-Cc of 160-180 [12,13], whereas the class IV-fold
binds the cofactor in a bent conformation in which this dihedral
angle is 80 [8,9]. The difference in the conformation of the cofac-
tor may prove to be important for how each class regulates the rate
of methyl transfer in the active site, and the overall steady-state
rate of catalytic turnover. This question is largely unexplored at
the present. The SAM conformation is also crucial to the mecha-
nism of methyl transfer, which necessarily involves the precise
juxtaposition of the electrophilic methyl group with a nucleophilic
target atom, resulting in C-methylation, N-methylation, or O-
methylation. Of general interest is the question of how a proton
associated with the target atom is removed, and whether it is re-
moved before, concurrent with, or after methyl transfer. Crystal
structures of substrate-bound complexes have been determined
mainly for class I enzymes. This review provides examples of C-
and N-methylation by class I enzymes, in which insights into the
mechanism of methyl transfer are available from analysis of sub-
strate-bound complexes. These examples will serve as key models
for investigation of related methylation reactions, including those
that take place on a broad range of ribosomal RNAs and micro
and small RNAs.H:B
S-Cys
Fig. 1. Mechanism of E. coli tRNA (m5U54) methyltransferase (RUMT, TrmA). Attack
of a conserved enzyme cysteine sulfydryl group (Cys324) on C6 leads ﬁrst to
accommodation of the negative charge on O4, allowing for nucleophilic attack by
the C5 carbon on the methyl group of SAM, with the sulfonium ion serving as
electron sink to produce the SAH product. Base abstraction of a proton from C5 (by
Glu358) then leads to elimination of the covalent adduct and regeneration of active
enzyme.2. Methylation at C5 to produce ribothymidine and
5-methylcytosine
The ﬁrst tRNA methylase studied in detail was the E. coli tRNA
(m5U54)methyltransferase (RUMT; TrmA), which catalyzes SAM-
dependent methylation of U54 in nearly all tRNAs, producing ribo-thymidine at the 50 position of the seven-nucleotide T-loop. A cru-
cial experiment employed to deduce the stereochemical
mechanism was use of a substrate analog in which the hydrogen
at U54 ring position 5 is substituted with ﬂuorine [15]. The results
implicated Michael addition at the C6 ring position by a nucleo-
philic group on the enzyme to generate a trapped covalent en-
zyme-tRNA intermediate ([16]; reviewed in [17]; see Fig. 1). This
trapped complex was used to identify the sulfhydryl group of
Cys324 as the catalytic nucleophile [18]. Further experiments
involving a chiral methyl SAM cofactor showed that methyl trans-
fer proceeds by direct attack of uracil C5 on the SAMmethyl group,
leading to the mechanism depicted in Fig. 1 [19]. Interestingly, a
TrmA–tRNA intermediate complex also accumulates in vivo, per-
haps owing to low intracellular levels of SAM [20]. The TrmA
mechanism is similar to that proposed for thymidylate synthase
and other enzymes catalyzing methyl transfer to C5 of cytosine
or uracil, although the identity of the methyl donor may differ
(see below) [21]. This body of enzymological work provides an
essential framework for predicting the mechanism of any tRNA
methylase operating at these positions.
The structural basis for the TrmA reaction was recently ex-
plained by crystallization and high-resolution structure determi-
nation of a trapped covalent complex of E. coli TrmA with the T-
arm of tRNAPhe [22]. The complex was trapped by the E358Q TrmA
mutant: Glu358 is the catalytic base (:B) that abstracts the proton
from C5 in the ﬁnal catalytic step (Fig. 1). Glu358 of TrmA was
identiﬁed by homology with Glu424 of the homologous E. coli
rRNA C5 methylase RumA (the ﬁrst RNA methyltransferase:RNA
cocrystal structure ever determined [23]). The TrmA structure re-
veals both a trapped covalent adduct of Cys324 with C6 of U54,
and a methyl group covalently attached at C5, as predicted by
the mechanism. While Glu358 is conﬁrmed as the catalytic base,
the S-adenosyl homocysteine (SAH) product is not visualized in
the structure, and details of the cofactor binding site in the ternary
complex are not available. However, the structures of a binary
Pyrococcus abyssi TrmA–SAM complex [24], and of RumA bound
in a ternary complex with an [F]5U-substituted rRNA motif and
SAH [23], should allow detailed modeling of a fully occupied
E. coli TrmA active site.
When bound to TrmA, the T-arm of tRNAPhe adopts a conforma-
tion not seen in any NMR structure of the isolated T-arm, suggest-




























































Fig. 2. Proposed mechanism for T. thermophilus TrmFO-catalyzed formation of
ribothymidine at position 54 of tRNA. Nucleophilic attack on C6 generates in turn a
nucleophilic C5 position that attacks the methylene group of 5,10-methylenetet-
rahydrofolate (MTHF). The covalent intermediate (upper right) is resolved by base
abstraction of a proton at C5, analogous to the TrmA mechanism depicted in Fig. 1,
but producing a methylene group at C5. The methylene is reduced to a methyl
group by a redox chain involving both FAD and NADP+ cofactors.
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nucleotide T-loop and ﬂanking two base pairs, consistent with ki-
netic measurements indicating that this minimal 11-mer RNA is
a competent TrmA substrate [25]. The base of U54 is ﬂipped out
of the loop to bind in the TrmA active site, and the T-arm structure
is stabilized by entry of the A58 base into the space vacated by the
extrusion of U54. These RNA loop stabilization interactions pro-
moted by TrmA in its catalytic complex are remarkably similar to
those observed in the local rRNA loop motif that is methylated
by RumA [22,23]. Thus, a consensus RNA-fold for C5 methylation
is identiﬁed by comparing the cocrystal structures of TrmA and
RumA. More generally, comparison of these two complexes pro-
vides very detailed insight into how homologous RNA methyl-
transferases with identical catalytic mechanisms promote highly
similar local RNA folding, yet also differentiate to recognize dispa-
rate RNA structures farther away from the methylation site.
Interestingly, T54 formation in a subset of bacteria is catalyzed
not by SAM-dependent TrmA, but by a different enzyme, TrmFO,
that instead utilizes folate and FAD as the methyl transfer cofactors
[26]. The phylogenetic distributions of TrmA and TrmFO are mutu-
ally exclusive. A crystal structure of Thermus thermophilus TrmFO
bound to tetrahydrofolate and FAD showed that the enzyme pos-
sesses two domains, both of which share structural similarity with
domains of the GidA (MnmG) protein that participates in forma-
tion of cmnm5U34 in some tRNAs [27]. However, the relative do-
main orientations and quaternary organizations of GidA and
TrmFO differ signiﬁcantly, and GidA itself may not possess methyl-
ase activity. A stereochemical mechanism for TrmFO has been
hypothesized based on the catalytic pathways of TrmA and of the
thymidylate synthases ThyX and ThyA – folate-dependent en-
zymes that methylate C5 of dUMP to form dTMP for DNA synthesis
[27]. As in TrmA, the proposed TrmFO pathway initiates with
nucleophilic attack on C6 by a conserved enzyme thiolate group.
The partially anionic C5 carbon then attacks the methylene group
of 5,10-methylenetetrahydrofolate (MTHF), with the iminium ion
at N5 of MTHF serving as the electron sink, analogous to the sulfo-
nium of SAM in TrmA (Fig. 2). This produces a covalent ternary
intermediate that is resolved by base abstraction of the proton
from C5 of U54, again analogous to the TrmA mechanism. A ﬁnal
step involves oxidation of FADH2 to FAD, with concomitant reduc-
tion of the C5-methylene to a methyl group and regeneration of
FADH2 on the enzyme by oxidation of NADPH. This mechanism is
consistent with the TrmFO structure, in which the methylene
group of MTHF binds adjacent to the redox-active nitrogen of
FAD [27]. Further corroboration awaits determination of a tRNA-
bound cocrystal structure.
C5 methylation of cytosine to produce the m5C methylated base
occurs in archaea and eukaryotes, but not in eubacteria. The best-
characterized tRNA m5C methyltransferase is yeast Trm4, which
(in contrast to TrmA and TrmFO) possesses remarkably broad sub-
strate speciﬁcity: it is capable of methylating cytosines located at
positions 34, 40, 48 and 49 in various yeast tRNAs [28]. Eukaryotic
versions of Trm4 possess a C-terminal extension not found in the
archaeal enzymes: this extension does not efﬁciently bind tRNA
yet nonetheless signiﬁcantly enhances the activity of the common
core catalytic domain [29]. Sequence analysis indicates that the
catalytic domains of m5C RNA methylases are of the class I Ross-
mann-fold type, and possess two conserved cysteine residues
residing within ‘‘PC” (Pro-Cys) and ‘‘TC” (Thr-Cys) motifs, respec-
tively [30]. One conserved cysteine (TC-Cys) is proposed to func-
tion as the catalytic nucleophile for addition to C6, as described
for TrmA and TrmFO. The other conserved cysteine (PC-Cys) is pro-
posed to function in product release, as suggested by the accumu-
lation of higher molecular weight protein–RNA complexes in cells
expressing a Trm4p variant in which the PC motif is replaced by PA
(Pro-Ala) [30]. A comprehensive phylogenetic analysis of m5Cmethyltransferases identiﬁed also the highly conserved Lys179
and Asp257 residues, predicted to lie in the active site, as essential
to catalysis; this prediction was conﬁrmed by site-directed muta-
genesis [31]. The crystal structure of the unliganded homologous
rRNA methylase YebU from E. coli conﬁrmed the localization of
both cysteines, Lys179, and Asp257 in the active site [32], although
a detailed stereochemical mechanism involving all these residues
has not yet been formulated. No cocrystal structures of m5C meth-
yltransferases bound to tRNA have yet been reported.
3. Mechanisms of tRNA methylation at nitrogen
3.1. The m6A methylation
Methylation of the four canonical tRNA bases at nitrogen is
known to occur at all non-glycosidic nitrogens except for N3 of
adenosine and guanosine and N7 of adenosine. However, despite
the large variety of chemical and structural contexts at which these
RNA N-methylation events occur, relatively little detailed informa-
tion is available regarding the stereochemical pathways of the en-
zyme-catalyzed reactions. Indeed, the best-studied N-methylation
reaction in nucleic acids has for some time been that catalyzed by
the N6-adenine DNA methyltransferase M.TaqI. The structure of
this enzyme bound to DNA and the unreactive cofactor analog 50-
[2-(amino)ethylthio]-50-deoxyadenosine revealed speciﬁc enzyme
recognition of an extrahelical target adenine, showing deﬁnitively
that base-ﬂipping out of duplex nucleic acid occurs for adenine as
well as cytosine methylation [33]. In the crystal structure, the N6
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of the cofactor, and the respective positions of these groups are sta-
bilized by contacts with the conserved active-site motif NPPY. This
provides a structural framework for appreciating how the neces-
sary bond-breaking and bond-making steps are facilitated in the
active site.
Formulation of a mechanism for M.TaqI was challenging given
the very high pKa of 20 for the 6-amino group, the elimination
(based on mutational studies) of the NPPY tyrosine as a candidate
for general base, and the lack of other obvious candidates for gen-
eral base in the active site. However, it was noted that the NPPY
motif could offer the asparagine amide and a backbone carbonyl
oxygen to form hydrogen-bonds with the N6 hydrogens to increase
the nucleophilicity of N6 by increasing its electron density. Further,
these hydrogen-bond donors are located below the plane of the
adenine ring, and might function further to help distort the sp2
character of N6 toward sp3, thus dramatically increasing N6 nucle-
ophilicity by assisting its dissociation from the aromatic system of
the adenine ring. Finally, because the pKa of a 6-methyl ammonium
ion is sharply decreased as compared with the 6-amino group,
even very weak basic groups in the active site (such as the aspar-
agine amide and a backbone oxygen) might function as transient
proton acceptors. One or more water molecules in the active site,
which are connected to bulk solvent, might also play a role in sub-
sequent proton transfers [34]. Based on these considerations, it ap-
pears likely that the lowest-energy transition state for methylation
features a substantial sp3 character at N6. This conclusion is sup-
ported by a theoretical study based on a model system mimicking
the M.TaqI active site [34]. A possible mechanism for methylation
to produce m6A is depicted in Fig. 3.
The M.TaqI mechanism is important because it provides a mod-
el for the function of tRNA methylases that modify exocyclic
amines with high pKa values: m6A, m2G, and m4C. The ﬁrst report
of a tRNA methylase that produces the relatively rare m6A modiﬁ-
cation was only very recently published: the E. coli yﬁC gene en-
codes a methylase that modiﬁes A37 in a tRNAVal isoacceptor
[35]. The m4C modiﬁcation is found in mitochondrial tRNA [36],
but the enzyme catalyzing this reaction has not yet been identiﬁed.
For both m6A and m4C better-studied examples of rRNA methyl-
ases are available, but detailed structural and mechanistic work
has not yet been reported. Generation of m4C by bacterial DNA
modiﬁcation methylases such as M.BamHI has been the subject
of numerous kinetic studies [37], but again a cocrystal structure
of an enzyme–DNA complex to provide an interpretive structural
framework is lacking.
3.2. The m2G and m22G methylation
Although the m2G and m22G modiﬁcations have been described
at a variety of nucleotide positions, the only examples for which
the enzymes have been well-characterized are for methylation at














Fig. 3. Proposed mechanism for methylation at exocyclic adenine N6 by the DNAmethyla
N2, and cytosine N4. Attack on the SAM methyl group is depicted as proceeding via
nucleophilic attack is highly unfavorable. Proton abstraction from the positively chargedcated near the junction of the D and anticodon arms in tRNA,
where the structure deviates from canonical A-form helical geom-
etry owing to a noncontiguous sugar-phosphate backbone and
non-Watson–Crick hydrogen-bonding arrangement at the bridging
26–44 pair. The enzyme that catalyzes dimethylation at G26, Trm1,
was ﬁrst characterized from a variety of archaeal and eukaryotic
sources, and in several cases has been shown to produce the
monomethylated species as a reaction intermediate (reviewed in
[38,39]). In general the enzyme was found to be sensitive to nucle-
otide alterations in the nearby D-stem as well as in the variable
loop, suggesting that these regions of the substrate might be
important to site-selectivity. Crystal structures of Pyrococcus hori-
koshii Trm1 bound to either SAM or SAH were recently reported
[39]. The structures revealed an N-terminal class I methylase Ross-
mann-fold catalytic domain that binds the cofactor, as expected,
together with a structurally unique 140 amino acid a/b C-terminal
domain of unknown function. An additional narrow pocket adja-
cent to the SAM-binding cleft was hypothesized to provide a bind-
ing pocket for the G26 base.
Recently, a putative gene encoding a Trm1 homolog was
found in the hyperthermophile Aquifex aeolicus, the ﬁrst example
of the enzyme found in the eubacterial domain [38], and its
activity conﬁrmed both in vivo and in vitro. Remarkably, it
was found that the recombinant enzyme transfers more than
two methyl groups per tRNA, and is able to methylate a tran-
script containing A26. Using LC/MS analysis, it was shown that
A. aeolicus Trm1 is able to methylate both G26 and G27 in vitro,
and that native tRNACys puriﬁed from cells using DNA-afﬁnity
chromatography indeed contains both m22G26–m2G27 and
m22G26–m22G27. Like yeast Trm4, A. aeolicus Trm1 is a multi-
site recognition enzyme [28]. Further, use of variant tRNA tran-
scripts as substrates suggested that recognition by A. aeolicus
Trm1 depends on the T-arm structure but not on either the
D-arm or variable loop as found for the archaeal and eukayotic
enzymes. Thus, Trm1 may have evolved to develop different
domain speciﬁcity for tRNA recognition.
The enzyme catalyzing m22G10 formation was ﬁrst identiﬁed in
the hyperthermophilic archaeon P. abyssi, and is known as Trm11
[40]. Trm11 contains a C-terminal methylase domain of the Ross-
mann-fold linked to an N-terminal THUMP (thiouridine synthases,
RNA methyltransferases, and pseudouridine synthases) domain
found in a variety of RNA modifying enzymes. As shown for G26
modiﬁcation, formation of m22G10 also proceeds through a
monomethylated intermediate. The tRNA nucleotide determinants
that are required for formation of m22G10 were identiﬁed as a G10-
U25 base pair in the D-stem, together with a four-nucleotide vari-
able loop. tRNAs containing G10-C25 or a ﬁve-nucleotide variable
loop were only monomethylated at G10. Interestingly, the tRNA se-
quence and structural features for monomethylation of G10 are the
same as those for dimethylation of G26, suggesting independent













se M.TaqI – a potential model for tRNAmethylases operating at adenine N6, guanine
attack by nitrogen in its sp2 hybridization state, because proton removal prior to
































Fig. 4. Proposed mechanism for M. jannaschii Trm5. Proton abstraction during
docking of G37 in the active site (upper left) yields deprotonated G37 as visualized
in the crystal structure (upper right). Nucleophilic attack on SAM by deprotonated
N1 then leads to product formation.
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yeast, a heterodimeric enzyme complex catalyzes the monomethy-
lation at m2G10. This complex consists of Trm11 and a second pro-
tein designated Trm112, both of which are required for formation
of m2G10 in vivo with comparable intracellular abundance. Inter-
estingly, Trm112 also interacts with another tRNA methyltransfer-
ase, Trm9, which methylates uridine in the anticodon wobble
position of yeast tRNAArg and tRNAGlu [42]. Although a protein
complex isolated from yeast extract yields m2G10 synthesis activ-
ity, coexpression of Trm11 and Trm112 together in E. coli does not
reconstitute the activity. Thus, additional protein factors may be
required to form the active complex in yeast cells. Trm11/112 is
only one example of a multimeric enzyme that is required for tRNA
methylation; other examples include the enzymes responsible for
synthesis of m1A58 and m7G46 (see below).
3.3. The m1G37 methylation
The formation of endocyclic m1G37 by eukaryal/archaeal Trm5
and bacterial TrmD has been well characterized. The m1G37 mod-
iﬁcation is conserved in all three domains of life, and plays an
important role in increasing ﬁdelity of ribosomal decoding in both
the cytoplasm and mitochondria [43]. Interestingly, the bacterial
TrmD and archaeal/eukaryal Trm5 form an example of analogous
pairs and also recognize different determinants on tRNA: only
Trm5 is sensitive to the integrity of the tertiary tRNA structure
[44]. The recently determined ternary complex structure of Met-
hanococcus jannaschii Trm5 bound to tRNA and SAM reveals recog-
nition of the tRNA globular hinge domain via a large induced-ﬁt
motion of one domain upon binding, explaining the importance
of tRNA tertiary conformation to function [13]. Separate crystal
structures in complex to tRNACys and to tRNALeu show that the
overall orientation of binding is conserved despite the large differ-
ence in the tRNA variable arms, but signiﬁcant differences in the
detailed conformations and interactions with the respective anti-
codon loops are observed.
The mechanism of m1G formation has been elucidated for the
M. jannaschii Trm5 enzyme. The crystal structure shows a confor-
mation poised for catalysis, in which the N1 of G37 is located
2.8 Å from the methyl group of SAM [13]. However, there is no
apparent general base positioned to accept the proton from N1.
Further, the positively charged sulfonium also disfavors approach
of protonated N1. For these reasons, it appears likely that the crys-
tal lattice has trapped a deprotonated form of G37 in which a lone
pair of electrons on nitrogen is poised to attack the SAM methyl
group. Measurement of the pH dependence of the single-turnover
rate constant for m1G37 formation showed a remarkably steep in-
crease in the rate of methyl transfer as the proton concentration is
lowered, up to an asymptote at neutral pH [45]. A plot of log(kobs)
versus pH yielded a slope of approximately 2, indicating a mecha-
nism involving two ionizing groups. The dependence of the reac-
tion rate on the most basic group in a doubly ionizing system is
consistent with the notion that kobs corresponds to nucleophilic at-
tack of the deprotonated N1 of tRNACys G37 on the methyl group of
SAM, with electron transfer to the sulfonium ion (Fig. 4). The neg-
ative charge developing on O6 is compensated, as shown in the
crystal structure, by the conserved guanidinium of Arg145. Be-
cause the structure suggests that deprotonation occurs before ﬁnal
docking of G37 in the active site, proton transfer from G37-N1
through two enzyme groups apparently occurs during the in-
duced-ﬁt transition of the tRNA anticodon loop. The identities of
the protein groups involved in the double ionization remain to
be elucidated.
Mutational analysis of Trm5 shows that replacement of residues
playing a role in substrate organization in the active site, such as
Asp223, Asn265, or Pro267, have greater effects on the catalyticrate as compared with residues involved more directly in the
chemical reaction. For example, while the side chain of Arg145
may serve to stabilize the negative charge on O6 of the G37 base
after deprotonation of N1, elimination of the side chain of
Arg145 has a lesser effect compared to elimination of the side
chains of Asp223, Asn265, or Pro267 [46]. The lesser role of acid–
base catalysis for methylation at nitrogen was also suggested pre-
viously for catalysis by the DNA N6 adenine methyltransferase
M.TaqI, discussed above [33,34]. A key distinction, however, is that
deprotonation of guanine N1 by Trm5 occurs early, and the nucle-
ophilic attack on SAM is by nitrogen in the sp2 hybridization state
(Fig. 3). In contrast, pKa 20 for adenine N6 suggests that in M.TaqI,
deprotonation occurs only after the nitrogen has acquired signiﬁ-
cant sp3 character [33,34] (compare Figs. 3 and 4). A pH kinetic
analysis of the m6A DNA methylase M.EcoRI showed only a linear
four-fold change in kobs over a wide pH range [47]. Enzymatic
methylation at exocyclic adenine N6, then, may depend even less
on acid–base chemistry to facilitate rate acceleration, than does
methylation at endocyclic guanine N1.
3.4. The m7G46 methylation
The m7G46 modiﬁcation is widely present in eukaryotes and
bacteria, as well as in some archaea. It occurs in tRNA species that
contain a variable loop of the typical size of 4–5 nucleotides. The
modiﬁed m7G46 base is positively charged when present in the
base triple C13-G22–G46 that stabilizes the tRNA tertiary core
[48], indicating that the modiﬁcation can introduce a site-speciﬁc
electrostatic charge within the tRNA tertiary structure. The
m7G46 modiﬁcation is catalyzed by TrmB in bacteria (the YggH
protein) but by the heterodimeric Trm8–Trm82 enzyme in yeast
[49]. Interestingly, while the sequences of TrmB can vary signiﬁ-
cantly among bacterial species, as in the E. coli and A. aeolicus en-
zymes [50,51], the mechanism of tRNA recognition appears
conserved [51]. The size of the variable loop, conserved sequences
in the T stem, and nucleotides ﬂanking the target G46 base each
play an important role. In the case of the Trm8–Trm82 heterodi-
mer, however, while Trm8 possesses both the SAM- and tRNA-
binding capacity and performs the methyl transfer activity
in vivo (albeit reduced) and in vitro, Trm82 does not bind either
substrate. Instead, Trm82 functions to stabilize and promote the
active conformation of Trm8 [49]. The crystal structure of the
apo form of Bacillus subtilis TrmB reveals that, despite the presence
of a core catalytic domain consisting of the Rossmann-fold, the en-
zyme exists as a homodimer [52], in contrast to the monomeric
form of E. coli TrmB. Gel ﬁltration analysis conﬁrmed the homodi-
Scheme 2.
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sequence of crystal packing. The dimer interface of B. subtilis TrmB
does not involve the Rossmann-fold but rather hydrophobic core
residues that are unique to the enzyme. The structural diversity
among the monomeric E. coli TrmB, the dimeric B. subtilis TrmB,
and the heterodimeric yeast Trm8–Trm82 provides an example
of how the Rossmann-fold can function in different oligomeric
contexts.
3.5. The m1A58 methylation
The m1A58 modiﬁcation is found in the highly conserved A58 in
the T-loop of tRNAs. This modiﬁcation is rare in bacteria (and is ab-
sent from E. coli) but is common in most eukarya and archaea. The
bacterial enzymes responsible for this modiﬁcation are the a4 TrmI
tetramers [53,54], whereas the yeast enzyme consists of the a2b2
Trm6/Trm61 complex [55]. Unlike the functional organization of
Trm8–Trm82 for the m7G46 modiﬁcation, the substrate binding
functions of Trm6/Trm61 are segregated: Trm6 binds tRNA,
whereas Trm61 binds SAM [56], Thus, both subunits are required
to constitute the enzyme activity. In addition, the sequence simi-
larity between Trm6 and Trm61 suggests that the eukaryotic
m1A58 methylases evolved by gene duplication, whereas the bac-
terial enzymes remained as homotetramers. The tetrameric struc-
ture of the bacterial TrmI has been conﬁrmed by crystal structural
analysis of theMycobacterium tuberculosis enzyme in complex with
SAM [57], and of the T. thermophilus enzyme in complex with SAH
[58]. Biophysical analysis with the non-covalent ESI-MS technique
demonstrates that the tetramer binds one to two tRNA molecules
[58], although the structural origin for this stoichiometry is un-
clear. Mutational analysis reveals that Asp170 of a DxxxPW motif
in T. thermophilus TrmI (analogous to the NPPY motif in m6A meth-
ylases) is key to catalysis [58]. Docking of the structure of T. ther-
mophilus TrmI with a substrate analog into the active site
suggests a role of Asp170 in stabilizing both the SAM cofactor
and the A58 base. In this docking model, Asp170 would be posi-
tioned to form a H-bond with the exocyclic N6 of A58, as a possible
means for deprotonation of the N6 and activation of the lone elec-
tron pair on N1 for attack on the methyl group of SAM. In addition,
two catalytically important aromatic residues, Tyr78 and Tyr194,
are proposed to stabilize the transition state of methyl transfer
[58], analogous to the role of the aromatic Y/F/W residue in the
NPPY motif in m6A methylases.
3.6. The m1I57 and m1I37 methylations
The m1I-methylation reaction can occur on the modiﬁed base
inosine I57 in the T-loop to synthesize m1I57 as a modiﬁcation un-
ique to archaeal tRNAs [59], or on the base of inosine I37 in the
anticodon loop to synthesize m1I37 unique to eukaryotic tRNAAla
(with the IGC anticodon) [60]. Interestingly, the two 1-methylation
reactions on inosine proceed by different pathways (Schemes 1
and 2). The archaea-speciﬁc m1I57 methylation is formed in a
pathway that ﬁrst introduces the 1-methylation to the canonical
base A57 in tRNA by a specialized SAM-dependent tRNA(m1A57)
methylase to synthesize m1A57, which is then converted to
m1I57 by a 1-methyladenosine-57 deaminase [59]. In contrast,
the eukaryotic tRNAAla-speciﬁc m1I37 methylation begins by
deamination of A37 by a deaminase to synthesize I37, which is
then modiﬁed to m1I37 by a methylase [60]. In this pathway, the
deaminase would be functionally similar to the deaminase Tad1,Scheme 1.which is speciﬁc at position 34. Thus, distinct site-speciﬁc path-
ways for synthesis of the m1I-modiﬁed base in tRNA appear to
exist.
The archaeal enzyme for the synthesis of m1A57 is homologous
to the bacterial TrmI. Indeed the enzyme TrmI of the thermophilic
archaeon P. abyssi has dual speciﬁcity for catalysis of the 1-meth-
ylation reaction at both A57 and A58 in tRNA, although the meth-
ylation of A57 is more efﬁcient than the methylation of A58 [53].
This suggests the possibility of a sequential methylation mecha-
nism beginning with A57 and continuing to A58. Alternatively,
the archaeal TrmI might form a complex with the yet-to-be identi-
ﬁed deaminase to proceed with the two-step synthesis of m1I57;
upon release from the complex, TrmI might be recruited to cata-
lyze synthesis of m1A58. Because the P. abyssi TrmI can efﬁciently
catalyze m1A58 formation when A57 is replaced by G57 [53], and
because inosine is structurally more similar to guanosine than to
adenosine, the second possibility may be favored. Possible models
for this pathway are the two-step reaction schemes by which cer-
tain aminoacyl-tRNAs are synthesized by the action of two consec-
utive enzymes, which may form a complex to promote the rapid
production of the end product [61,62]. The P. abyssi TrmI exists
as an a4 homotetramer, analogous to the oligomeric structure of
bacterial TrmI [53]. Interestingly, the dimer-dimer interface of P.
abyssi TrmI contains two conserved cysteine residues C196 and
C233 (not present in bacterial TrmI), which appear to enforce the
tetrameric structure via inter-subunit disulﬁde bridges to resist
heat denaturation at extreme temperatures. The Rossmann-fold
is also modiﬁed to place the conserved cysteines at subunit inter-
faces, such that C196 from one monomer and C233 from a neigh-
boring monomer form a disulﬁde bridge to stabilize a tight-
binding dimer. This pair of C196–C233 bridge then interacts with
another pair of bridge from the other tight-binding dimer to stabi-
lize the tetramer.
The eukaryotic enzyme responsible for synthesis of m1I37 in the
anticodon loop of tRNAAla has not been identiﬁed. Limited work
has shown that the enzyme can be separated by chromatography
from the related eukaryotic Trm5 enzyme that catalyzes synthesis
of m1G37 [60]. The two enzymes appear to have overlapping spec-
iﬁcity and can both target I37 or G37 in tRNA for 1-methylation, al-
beit with different efﬁciencies. It was also shown that the Xenopus
laevis oocyte enzyme for synthesis of m1I37 recognizes tRNAAla of
different origins [60]. Thus, the sequence determinants in different
tRNAAla species that would confer recognition by this enzyme re-
main elusive. The identiﬁcation of these determinants may shed
light on why only tRNAAla in eukaryotes possesses the m1I37
modiﬁcation.
4. Biological signiﬁcance of tRNA base methylation
Individual methylations to tRNA nucleotide bases generally do
not have apparent effects on cell growth. For example, while the
m5U54 modiﬁcation is conserved in evolution, elimination of the
responsible TrmA enzyme reveals no functional impact on the nor-
mal cell growth rate [63]. This lack of a clear growth effect also
holds true for other types of modiﬁcations to tRNA nucleotides,
such as the thiolation at position 4 to the U8 nucleotide (s4U8) that
is commonly present in tRNA species [63]. However, while inacti-
vation of a speciﬁc base methylation may have no clear growth ef-
fect, inactivation of the methylation in combination with another
modiﬁcation usually has a strong negative effect on growth. For
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cell growth in yeast, elimination of this modiﬁcation together with
another modiﬁcation, regardless of whether the second modiﬁca-
tion involves methylation, thiolation, or conversion of uridine to
pseudouridine or to dihydrouridine, leads to growth arrest and cell
death [4]. This observation suggests that modiﬁcations to tRNA
nucleotide bases and backbones, including the various methylation
reactions, are present to build a network that will improve the
overall function of tRNA and in turn will promote cell ﬁtness and
viability. When more than one modiﬁcation is removed, the efﬁ-
ciency of the overall tRNA function is compromised, ultimately
leading to a cell growth defect. Recent studies have shown that
alteration of tRNA levels within the small margin of 10% can have
a large impact on cell growth [64].
The m1G37 modiﬁcation is a notable exception, however. This
modiﬁcation is essential for growth in bacteria, such as E. coli
[65], Salmonella typhimurium [66], and Streptococcus pneumonia
[67], and in yeast, such as S. cerevisiae [68]. Earlier genetic studies
in bacteria showed that m1G37 is important for promoting amino-
acyl-tRNA binding and selectivity to the ribosome A site [69], and
for reducing frameshift errors during translation of the genetic
code [66,70]. A structural analysis suggests that the modiﬁcation
imposes constraints on anticodon loop dynamics [71], providing
a rationale for the ability of the modiﬁcation to enforce codon-anti-
codon pairing on the ribosome. In the yeast S. cerevisiae, the mod-
iﬁcation prevents mischarging of tRNAAsp by arginyl-tRNA
synthetase [72], suggesting that it functions as an anti-determi-
nant against misacylation. Further, the modiﬁcation is the obligate
precursor for subsequent modiﬁcations to synthesize the hyper-
modiﬁed wybutosine base at position 37 in tRNAPhe [73]. The di-
verse functional roles associated with the m1G37 modiﬁcation
underscore the importance of the modiﬁcation in bacteria and in
yeast. In the archaeal domain, the modiﬁcation is necessary for
efﬁcient tRNA aminoacylation by cysteinyl- and phosphoseryl-
tRNA synthetases [62,74]. Because the efﬁciency of tRNA aminoa-
cylation is tightly coupled to ribosome function and to cell growth,
the m1G37 modiﬁcation is likely a critical determinant for cellular
survival in the archaeal domain as well.
The m1A58 modiﬁcation is another exception. This modiﬁcation
is speciﬁcally required to maintain steady-state levels of initiator
tRNAMet in S. cerevisiae [55]. Deletion of the Trm6 component of
the Trm6-Trm61 heterodimer enzyme responsible for synthesis
of m1A58, or mutations of Trm6 that disrupt SAM-binding but do
not interfere with formation of the heterodimer, lead to cell death
[55]. In addition, all retroviruses utilize m1A58-containing tRNA to
prime reverse transcription. In human tRNA3Lys, this modiﬁcation
is required for accurate termination of plus-strand strong-stop
DNA synthesis during HIV-1 replication [75], presumably because
the N1 methyl group blocks correct base pairing. The A58 to U58
mutation in human tRNA3Lys has been shown to inhibit HIV-1 rep-
lication in T cells [76], providing further support for the signiﬁ-
cance of the m1A58 modiﬁcation. Interestingly, while m1A58 is
essential for yeast viability, reduction in the enzyme activity for
the modiﬁcation is not lethal in a rat mammary adenocarcinoma
[77]. This suggests that targeting the m1A58 modiﬁcation, which
is required for HIV replication, may offer new promises as a possi-
ble anti-HIV therapy [75,76].
Also of medical interest is the m1I37 modiﬁcation unique to
eukaryotic tRNAAla. This tRNA harbors the additional base modiﬁ-
cation of A34 to I34 at the wobble position of the anticodon. The
m1I37 and the I34 modiﬁcations are both the target of the autoim-
mune antibodies that are present in the sera of patients afﬂicted
with the inﬂammatory disease of the PL12 type of polymyositis
[78,79]. Because the unmodiﬁed transcript of human tRNAAla does
not induce the production of the autoimmune antibodies, it ap-
pears that both modiﬁcations are the required antigens to speciﬁ-cally stimulate the autoimmune response [60]. Although the native
human tRNAAla also contains other modiﬁcations in the anticodon
loop (such as the 20-O-methylation of U32 and of G39, and the
pseudouridine at position 38), a transcript harboring just the I34
and m1I37 modiﬁcations was sufﬁcient to elicit the autoimmune
response, suggesting that these two modiﬁcations are the domi-
nant factors. The molecular basis for how these two modiﬁcations
are associated with the autoimmune disease is not known; thus,
further studies to elucidate the enzymatic pathways and mecha-
nisms leading to the modiﬁcations are warranted. Nonetheless, it
is clear that speciﬁc methylation to tRNA nucleotide bases can in-
deed impact human health.5. Conclusion and perspective
Table 1 summarizes the diverse methylation reactions that are
discussed in this review, together with the well-known enzymes
responsible for the reactions. Clearly, while many of these methyl-
ation reactions have well-established roles in tRNA structural sta-
bility and functional activities, the structural basis for substrate
recognition and catalysis remain poorly characterized. Thus, the
origins of selectivity for the target base, the juxtaposition and ori-
entation of the target base relative to the methyl group of SAM, the
chain(s) of proton transfer that must accompany the process of
methyl transfer, and the enzyme residues involved in coordinating
proton transfers with electrostatic changes occurring on the target
base are not well understood. The importance of these questions is
particularly keenly realized in the case of analogous pairs of meth-
ylation enzymes that are known to employ different stereochemi-
cal pathways to catalyze the same chemical reaction. These
questions highlight the need to address how the distinct stereo-
chemistries of two enzymes can be used to overcome the thermo-
dynamic barrier of the same chemical reaction. In addition, the
isolation of the pair of the bacterial TrmD and the eukaryotic-
archaeal Trm5 for the m1G37 methylation makes a compelling case
that a better understanding of the stereochemistry of each enzyme
will pave the way to a strong foundation for species-speciﬁc target-
ing of TrmD as a means to develop new anti-bacterial strategies.
To more broadly understand the stereochemistries of methyla-
tion enzymes, it is necessary to obtain additional crystal structures
of enzymes in complex with tRNA and SAM, and to combine struc-
tural analysis with appropriate biochemical tools to address ques-
tions regarding reaction mechanisms. The emphasis on the
appropriate biochemical tools cannot be overstated. For example,
analysis of the Trm5-catalyzed m1G37 methylation reaction has
demonstrated that the reaction rate constant measured under
steady-state multi-turnover conditions is signiﬁcantly slower than
the rate constant measured under single turnover conditions [46],
indicating that in this case the steady-state kinetics does not report
on the kinetics of methyl transfer but rather on the events subse-
quent to methyl transfer. Thus, the development of appropriate ki-
netic tools for each enzyme and for each speciﬁc step of the
enzyme-catalyzed reaction must be in place so that the kinetic
analysis can be correlated with structural information and inter-
preted on structural grounds. The development of appropriate ki-
netic methodologies for each enzyme will remain as one of the
major challenges ahead.
It should be noted that while this review focuses only on the
methylation reactions that directly target the four canonical bases
in tRNA, there are additional methylation reactions that target
bases that are already modiﬁed. Such methylation reactions on
modiﬁed bases ultimately generate hyper-modiﬁed residues on
tRNA. Often these hyper-modiﬁed bases are localized at positions
34 or 37 in the anticodon loop, where they speciﬁcally function
to improve codon-anticodon pairing interactions on the ribosome.
Table 1
Enzyme-catalyzed tRNA base modiﬁcations discussed in this review.
Bacterial enzymes Eukaryotic enzymes Archaeal enzymes
m5U54 (riboT54) E. coli TrmA P. abyssi TrmA
m5U54 (riboT54) T. thermophilus TrmFO
m5C34, C40, C48, C49 S. cerevisiae Trm4
m6A37 E. coli yﬁC
m22G26 A. aeolicus Trm1 P. horikoshii Trm1
m22G10 P. abyssi Trm11
m2G10 S. cerevisiae Trm11-Trm112
m1G37 E. coli TrmD S. cerevisiae Trm5 M. jannaschii Trm5
m7G46 E. coli TrmB S. cerevisiae Trm8–Trm82
B. subtilis TrmB
m1A58 E. coli TrmI S. cerevisiae Trm6-Trm61
M. tuberculosis TrmI
T. thermophilus TrmI
m1A57 P. abyssi TrmI
This table summarizes enzymes that are discussed in this review. References for each enzyme are cited within the text. Blanks mean that the enzymes are absent or are not
well characterized. Abbreviations: E. coli, Escherichia coli; P. abyssi, Pyrococcus abyssi; T. thermophilus. Thermus thermophilus; S. cerevisiae, Saccharomyces cerevisiae; P. horikoshii,
Pyrococcus horikoshii; A. aeolicus, Aquifex aeolicus; M. jannaschii, Methanococcus jannaschii; B. subtilis, Bacillus subtilis; M. tuberculocus, Mycobacterium tuberculosis.
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pathway of the wybutosine base at position 37 in tRNAPhe. In this
pathway, the canonical G37 base is ﬁrst converted to m1G37,
which is then converted to wybutosine in four successive enzy-
matic reactions, one of which involves methylation to an already
highly modiﬁed intermediate [73]. Other examples include the
methylation to the hyper-modiﬁed base N6-isopentenyl-adenosine
(i6A) to synthesize ms2i6A, to N6-threonyl-carbamoyl adenosine
(t6A) to synthesize ms2t6A, and to 2-thio-uridine (s2U) to synthe-
size mnm5s2U [80]. All of the methylation reactions that target hy-
per-modiﬁed bases involve distinct new SAM-binding enzymes
that must have the ability to discriminate against the canonical
bases. Obviously, while the elucidation of reaction mechanisms
for hyper-modiﬁcations is necessarily more complex and challeng-
ing, it must build upon the mechanistic insights from studies of the
primary methylation reactions such as those that are discussed in
this review.
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